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ABSTRACT

Crack Formation, Arrest and Propagation in
Concrete Slabs Reinforced with Closely Spaced Steel Wires.

Hugh E, Crow

Submitted to the Department of Naval Architecture and Marine
Engineering on May 23, 1969 in partial fulfillment of the
requirement for the degree of Master of Science in Naval
Architecture and Marine Engineering.,

A technique is developed for the microscopic'study of
crack initiation, propagation and arrest in Ferro-cement
specimens while they are being loaded in tension.

Test specimens were prepared with 33 gauge cold drawn
music wire, 33 gauge soft stainless steel wire and 30 gauge
galvanized iron flower wire in both parallel continuous
wire and chopped random fiber configurations in steel
percentages ranging from 0.75 to 2.7% by volume, Using
these wire types one series of rich (0,7 cement/sand) mortar
and one series of lean (0.4 cement/sand) mortar specimens
were prepared and tested,

A large number of micro-photographs were taken to
document the results of the observations, Positive verifi-
cation of the crack arrest function of closely spaced wire
reinforcement of concrete was obtained, Preferred crack
propagation paths were observed to be through those regions
having the lowest elastic modulus.,

Thesis Supervisor: Fred Moavenzadeh
Title: Associate Professor of Civil Engineering
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I. INTRODUCTION

Great interest has recently been focused on Ferro-
cement as a marine construction material. Dr. P. L. Nervi,
the inventor of Ferro-cement, deliberately fostered the
amateur exploitation of this material for marine construc-
tion by patenting it only for architectural applications. (1)
As a result, in the period from 1942 to the early 1960's most
of the progress with ferro-cement was achleved by the
trial and error efforts of amateur boat builders. Without
really realizing what they were doing, all of the successful
boat builders had formed a true "two phase” material not
unlike fiberglass.

A *two phase” material is defined as one in which each
phase contributes to the strength characteristics of the
other so that the overall strength characteristics of the
composite are greater than those of elther phase taken by
itself., (2) In the case of ferro-cement the cement morﬁar
is found to be the load bearing fraction during short time
loadings and the steel simply prevents the initiation or
propagation of cracks, whereas for long time statlc loads

the steel is the load bearing fraction.

1.1 Engineering Properties

Beginning with the 1960's much work has been done to !
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determine the engineering properties of concrete and ferro-
cement. It was the extension of fracture mechanics to con-
crete in 1961 which helped to focus the attention of the
materials engineers on ferro-cement. (3) Since that time,
much progress has been made in determining the engineering
properties of ferro-cement. Collins and Claman (4) have
compiled an excellent state of the art summary of currently

available engineering properties.

1.2 Conecrete Cracking and Fallure

Microscopic studies of concrete microcracking together
with the application of Griffith Fracture Mechanics have
firmly established that concrete failure is always linked
with cracking of some.sort. Recently there has been great
emphasis on research into the causes, mechanisms and control
of cracking in concrete. (5)

Moavenzadeh et. al. (6) developed a technique for
straining plain concrete specimens while observing them with
a microscope. Using this technigue they were able to obserwe
the initiation and coalescence of microcracks into the main
throughgoing crack. This enabled them to establish the
preferred initiation sites and the preferred propagation
paths for cracks in concrete.

The success of these microscopy techniques with plain

concrete suggests that similar techniques might be applied
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to ferro-cement which heretofore has been studied on the
macroscoplic level. It 1is the purpose of this theéis'to
develop a similar technique for straining ferro-cement
samples in tension while observing them with a microscope.
Continued @icroscopic studles of fracture faces and sprained
sections will establish some factual data on the causés and
mechanisms of crack initiation, propagation and arresF.

These results will be compared and correlated with exiSting

theory.




II. THEORY

2.1 General Considerations of the Strength of Concrete

Concrete is a mixture of cement paste, aggregate, and
reinforcing material; if any. The strength of concrete then
is a function of the strength of the paste, the aggregate, the
reinforcing material and the bond between the paste and the
other constituents. For these initial considerations, we will
devote our attention to.the cement paste since it is the most

important constituent.

2.11 The Origin of Strength of Portland Cement Paste

Calcium silicate hydrate, commonly called tobermorite
gel, is the constituent of hydrated portland cement which
imparts strength to thg hardened cement paste. The tober-
morite gel derives its strength from two broperties: the
large surface area per unit weight of the colloidal gel parti-
cles and the large adhesive force per unit surface area of
gel. (7)

The large surface area, about 1000 times the surface
area of unhydrated cement particles results from the submicro-
scopic size of the tobermorite gel particles which have been
postulated to be crystallite splines having a random distribu-~

tion. (8) These submicroscopic colloidal particles are

nevertheless large by atomic dimensions with the result that
!
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few primary chemical bonds can form between colloidal’particles.
The principal source of adhesive force is from the inter
particle magnetic attraction or van der Waal's bonds, and
covalent chemical bonding exists only sufficient to maintain

stability during water penetration. (9)

: -
L=
(o T s ——

2.12 Porosity
Since tobermorite gel is the major constituent which

contributes to the strength of pure portland cement paste, it
follows that the strength of hardened paste 1is determined
primarily by the concentration per unit volume of tobermorite
gel. This concentration will be reduced by voids, uncombined
watef and entrapped air. Thus too large a w/c ratio as well

as entrapped air can reduce strength of hardened paste.

2,13 Compressive Strength versus Tensile Strength

It is not yet clearly understood why the compressive
strength 13 a‘full order of magnitude greater than the tensile
strength of portland cement. It has been postulated that the
difference derives from the random orientation of spline
shaped gel crystallites. (8) When the gel 1s placed under
tensile loading these spliﬁes can slide over one another with
relatively few splines being broken even if deformation is
large; whereas under compressive loading nearly all splines

would ultimately be broken 1f the deformation were large.
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2.14% Cracking and Fracture

Portland cement paste is a relatively britﬁle material
and yet it displays almost ductile behavior as a result of
microcracking. (10,11) Fracture occurs when the cracks Jjoin
up and propagate completely through the material. To better'
understand this mechanism, we must review the evolutfon of

fracture mechanics. \

2.2 Evolution of Fracture Mechanics

The various fracture mechanics theories all start with
the assumption of an initial flaw such as that treated by
Inglis. (120 The flaw is assumed to be an elliptical hole
in an infinite sheet with stresses being imposed at the

external boundaries of the sheet.

2,21 Griffith Theory

Griffith conceived of fracture as being an energy
transformaﬁiom process in which a body of brittle material
containing an initial flgw would pass from an unruptured
conditién of higher potential energy fo a ruptured condition
of lower potential energy. (13)

He assumed that the initial defect was a line crack
of length 2C and defined three contributions to the total
energy of the body. (UT). "Elastic Strain Energy" (U):

Potential energy arising from the work done on the system by

the imposed stresses. "Surface Energy" (T): Energy required
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for the formation of the new fracture éurfaces as the original
defect increases in size. "Internal Energy (I): Energy due
to molecular motion.

Griffith calculated the decrease in Strain Energy per

unit thickness due to formation of a crack of length 2C to be

E

and the increase in surface energy of the system due to the

formation of a crack of length 2C 1is

T = 4C¢
where 4C is the increase in surface area for a unit thickness
and ¥ . The Specific Surface Energy is defined as the energy
requlred for formation of a unit area of fracture surface.
Putting this together and taking the partial derivative with
respect to C, wé'know that neither total energy nor internal
energy change with crack iength SO |

Up =U; + U+ T

and
- au oT
= + Y 4+ <L
0=0+35% * 5

We see that g% is the energy dissipation rate due to crack

extension and 9U is the potential energy release rate due to

ac
creck extension.

Griffith showed that at gg ;p%% the system becomes unstable

and the crack propagates by a process which feeds upon itself

since there continues to be more than enough potential energy



Figure 1. Griffith Theory Based on Initial Flaw,
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Figure 2, Crack Edge and Coordinates for Irwin Theory.,
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released to satisfy the energy dissipation due to formation
of raw crack surface. In fact, in an ideal elastic material

crack propagation approaches the speed of sound.

Substituting the expressions for U and T from above we find

0=20+ Eil%}&f + LY

i —

Then define this stress at %g ;;g% as (o and solve:
= 12E¥ o
G‘c - for plane stress.

Sack (8) extended Griffiths theory to three dimensions
and showed that if plane circular cracks of radius C are
distributed in a brittle solid, rupture will be determined
solely by the maximum tensile stress ¢ and wlll be unaffected
by smaller tensile (and within limits compressive) stresses

at right angles to it. BRupture occurs if

= 2E
S =0 = VFE e FEy” )

2.22 Irwin Th?ory

Because of much evldence of ductile behavior at the tip
of flaws, Irwin (15, 16) was prompted to adopt a different
approach to the Inglis flaw hypothesis. He assumed a line
crack of zero thickness but considered the stress field in the
immediate vicinity of the flaw tip rather than assuming the
stress field to be uniform as did Griffith. Using the coordi-

nate system illustrated in figure 2, he derived the stresses
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parallel and normal to the crack as follows:

Oy =1EG cos & (1 + sin & sin 38
Y 2M1Tr 2 ( 2 2 )
Ox = ngr cos % (1 - sin % sin %? )

where r is radius from crack tip to point where ¢ is being
considered and © is the angle between r and the x axis. The
parameter G is seen to be independent of r and 6 and Irwin |
showed it to be the magnitude of the energy exchange associated
with unit extension of the crack. In other wbrds it is the

same aséﬁ% from the Griffith Theory.
'~ This G may be considered to be the force tending to

cause crack extension but it is most often called"Strain‘Energy
Release Rate".
Another factor K called "Stress Intensity Factor" is defined

2
such that G = 3—% = T§K

At the condition G = g%ag-g, define G = G, called

"Critical Strain Energy Release Rate" or "Fracture Toughness Modulus"
and K = Kc called "Critical Stress Intensity Factor"., These
are found to be fundamental physical characteristics of a given

material just as are Young's Modulus, E or Poissons Ratio,}l.

2.23 Orowan Derivation

Orowan also started with the elliptical Inglis model of
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an initial flaw. Inglis (12) showed that the stress concen-
tration due to a flaw is given by |
S = 20 040
S Stress Concentration
0" = Applied Stress

C = % Crack Length
f>= Radius of Curvature of Crack Tip

where:

Since in actuality in a brittle mgterial, the radius of
curvature of the crack tip,f)is 6f the same order of magnitude
as the interatomic spacing, a ‘

s =201/a
Orowan (17) then calculated the molecular cohesion at the

crack tip to be of the order of magnitude of

~1/2E
On = V2

If the stress concentration 1s critical, Qwm = Sg = 20 Vc/a
and O = 25‘ E for fracture. Recall from Griffith Theory,
c .

T = V%%r% for fracture. So Orowan's derivation verifies
the Griffith and Irwin derivations within the'acouracy of

the assumptions made by Griffith and Irwin.

2,24 Extension to Non Brittle Materials

The Griffith theory has been modified and extended to
materials which undergo considerable plastic deformation
prior to the initiation of unstable crack propagation (18, 19).
Felbeck and Orowan (19)' modified the Griffith Equation to
become s g = \/Zgiiii—ﬂp)
: mTec
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where Wp is the plastic work term accounting for the
dissipation of strain energy in plastic deformation., The
energy absorption term T now may be expressed: T = 4C ( &'+ Wp)_
at room temperature for low carbon steels and similar ductile

metals, the plastic work term, W is orders of magnitude

p*
greater than the surface energy term g. This modified
Griffith criterion is applicable only to essentially brittle
fractures, however, where the plastic deformation is confined
to a thin layer at the walls of the crack while the bulk of
the material is purely elastic (17).

Application of the Energy§criterion %%.;&%%
failé, however, when the fracture is essentially ductile(20),
It can be seen that since the fracture is essentialiy ductile,
it is independent of the elastic modulus; E may be taken as
infinite so that 4T vanishes. In this case, then the Griffith
energy criterion fails. Orowan (20) showed that such unstable
ductile fractu're can take place only if a regisn of elastic
material lies outside the region of plastic faulure. The

resulting system may be modeled by a spring in series with

the plastic material and high velocity ductile fracture occurs

ir 2 zgé%.

2.25 Crack Arrest

We have seen that once a crack is initiated in a homogenous

medium and the condition‘%%.;; é%g remains, no further energy
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need be added to the system for crack propagation to continue.
It follows, however, that anything which causes a significant
increase in the energy absorption term T, could cause a

reversal of the energy relationship so that:

¥ <&
Crack propagation should be stopped or “Arrested” in such a
case., |
Recall that the general energy absorption term is now
expressed: T = 4e (&+ wWp).

Thus any inhomogeneity which significantly increases §or Wp
can cause crack arrest.

By treating Wp for steels as a function of temperature,
alloy content, and heat treatment, Pellini (21) has developed
empirical design criteria which allow the ship designer to
take full advantage of:this crack arrest mechanism. We will
see that crack arrest may be achieved by somgwhat different

mechanisms in concrete,

2.3 Application of Fracture Mechanics to Concrete

Kaplan (22) suggested that the Griffith theory might
be extended to concrete even though concrete is a heterogerecus
composite on a macroscopic scale whereas the Griffith theory
assumes a homogeneaus material on a microscopic scale. He
assumed that the effective values of Youngs Modulus, E, and

Poissons Ratio;/x. for the composite was a weighted average



~19-
of the values for the constituents. He then used the Griffith

Equation modified for beam flexure

2 2(3-
G:Ll;/l )GE':n (d-c) . ¢ (g_)

to calculate Gc where/a== Poissons Ratio,Jp = notch stress,

d = beam depth, ¢ =.notch-depth and f(%) is a factor developed
by Winne and Wundt (23) to account for the relative size of
the notch. 1In this case f (c/d) =.1§9(1 - %)3

These theoretical calculations agreed clqsely enough with
experimental determinations of Gc to verify that Griffith
Fracture Mechanics could be modified and extended to concrete.
Kaplan's results indicated that the energy requirement for
propagation in cement paste was an order of magnitude larger
than the surface energy of the nominal new crack surface,
Glucklick (24) suggested that this increased energy requlire-
ment was due to the actual formation of much larger actual |
fracture surface than the nominal cross sectional area. For
cement paste he suggested that this additionai crack surface
takes the form of microcracks near the crack tip. Hsu et. al. (25),
Moavenzadeh et. al. (26) and others have verified by direct
microscopic observation, that this is true. In Kaplan's work
the value for 8 was assumed to be surface free energy which
ignored the possibility of plastic flaw.and microcracking

at the crack tip. Moavenzadeh et, al. (26) used a method for

finding the effective & which had been proposed by Nakayama (28)

[ T TN
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for stable or semistable fractures: U = 2A%

where U = measured input energy, A = fractured surface area
(effective cross sectional area), ¥ = surface energy per
unit area.

X' computed from this formula includes all the thermodynamic
surface energy as well as any energy disslipated in plastic

deformation so 1is an Effectilve Specific Surface Energy.

In paste, the fracture surface tends to be relatively straight
across the stress fleld. In mortar and concrete with larger
aggregate, however, the crack path 1is quite circuitous and

meanders around sand and aggregate particles.

2.32 Aggregates in Plain Concrete

Lott and Kesler (28) have explained this characteristic
meandering path of cracks in concrete in terms of the crack
arrest mechanism} In most aggregates, the surface energy is
higher than in the cement paste so that if a crack attempts
to penetrate an aggregate particle the energy demand 1is
suddenly greatly increased. The crack tends to follow the
path of least resistance and passes around the aggregate.
This, of course, increases the surface area so places an
additional drain on the elastic strain energy supply. We
recall that crack arrest occurs if sufficient drain on the
energy supply 1is present to cause %g < %g o This tendency
to cause arrest increases if the modulus of elasticlty of the

aggregate is increased relative to that of the paste matrix,
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if the aggregate size 1is increased and if the tensile bond
strength of the paste aggregate interface is Increased. Lott

and Kesler (28 ) defined a Pseudo Fracture Toughness

Ké = K, + flarr).

where Kpc = Critical Stress Intensity Factor of the cement
paste matrix dependent upon w/c ratio, curing time,
temperature, etc.

f(arr) = A complex arresting function dependent upon
the factors listed above. ‘
Defining Ké and working with if focuses attention upon the
importance of these variables but no one has yet been able to
separate Kpc from f(arr) so that one must still assume a

homogeneous medium with the engineering properties resulting

from weighted averages of the constituent propertiles.

2.33 Inelastic Behavior of Plain Concrete

Much work has been done in establishing that the nonlinear

stress strain curve for concrete is related to micrbcracking.
Figure 3 taken from Moavenzadeh et. al. (26) presents a good
summary of this relationship. BRegion A corresponds to the
nearly linear portion of the stress strain curve in which only
a small amount of creep occurs and most of the deformation is
recoverable. As the load is increased through Region B, the
bond cracks increase in length, width and number and the
stress - strain curve begins to depart appreciably from a

straight line. In Region C, at about 70% of the ultimate load,
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the number of cracks through the mortarkincreases appreciably
and begin to join up through bond crack bridges to form continuous
cracks. |

Region D still represents considerable load carrying
capacity because once a continuous micrécrack has formed
across a region another region picks up the load until it
develops a continuous microcrack. This process continues in
a highly redundant manner until extensive crack patterns
are formed at the ultimate load carrying capacity at which
point the stress strain curve begins to descend.

It has been established that this inelastic behavior
is due to the heterogeneity introduced by the aggregates.

Hsu and Slate (29) have established that the tensile bond
strength of the paste-aggregate interface varies from 41 to
91 percent of the paste tensile strength depending upon the
aggregate rock type and the water-cement ratio. Further, the
paste aggregate interface bond strength decreases with
increasing size of aggregate.

Shah and Winter (30) have developed a mathematical
model which predicts stress-strain curves which closely resemble
the actual curves. Theilr theory is based upon the structural
unit illustrated in Figure 4. This unit assumes a single
plece of circular cylindrical aggregate embedded in a prism
of mortar.

It is assumed that a glven cross seoﬁion of a concrete

specimen under uniaxial compression is made up of n structufral
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Figure 4, Structural Unit for Mathematical Model.
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units. The ultimate strengths of these units are assumed to
be distributed according to s distribution function G(x),
which is the probablility that the strength of a unit has a value
greater than or equal to x ksi. This G(x) is an unknown
which must be related to the experimentally determined
distribution of compressive strengths of whole specimens.

~ Assume: 1) The strength of each unit is independent of
others, 2) Hookes law is valid for each unit and all units
have the same modulus of elasticity, 3) Plane sections remain
plane, 4) As soon as the ultimafe strength of one unit
1s exceeded it's 1load bearing capacity closes and that
stress is uniformly distributed to other units not having
exceeded ultimate strength.

A normal distribution was taken foér the strengths of

the concrete cylinders and a Weibull type distribution function
was assumed: G(x) = e"(""""l)m
where x, 1s the 1owést possible structural unit and x, and n
are constants depending upon the mean and variation of the |

cross section ultimate strength.

X G(x) =x e (x-xl)m

O avg

X
€=z

Figure 5 shows one Stress Strain Curve plotted from this reation,

2.34 Failure of Concrete

We have seen that concrete retains considerable load

carrying capacity even after continuous crack patterns forun.



-27-
This stable crack propagation is due to the heterogeneous
'composition of the concrete which permits the excess sfrain
energy to be released without the catastrophic propagation
of a self feeding crack which is characteristic of a homo-
genepus brittle material.

Failure of concrete is normally defiﬁed as the condition
when the paste-aggregate interface cracks begin to extend
into the paste matrix. This crack propagation need not be
cataclysmic nor even fast but must constitute\failure since
continued application of the stress at which this occurs will
eventually cause complete disruption,

2.4  Ferro-Cement

2.41 Mathematical Model

Romualdi and Batson (3 and 31) have proved that it is
possible to achieve true two phase action in reinforced
concrete by using closely spaced steel wires., As a flaw in
the concrete tends to enlarge to a crack,jdisplacements develop
in the material ahead of the crack as a result of the stress
field singularity at the crack edge. The greater rigidity
of the steel wires, however, opposes these displacements,
and forces are exerted by the wires on the concrete
matrix. The requirement for compafibility at the wire-
matrix interface makes it possible to calculate these
forces, They can be interpreted in fracture mechanics
terms as being a reduction inlthe crack extension force,

in other words, a crack arresting force, It is found (31)
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that the stress required to extend a crack beyond the:area
enclosed by a bundle of wires 1s inversely propoftional
to the square root of the wire spacing.

The analytical model is shown in Figures 6 and 7.
The application of a uniform remote tensile stress tends to
cause additional displacements of the concrete in the?neighbor-
hood of the crack but these extensional strains are resisted
by thevwires which are assumed infinitely stiff. This |
resistance causes a distribution of shear forces along the
wires which act to close the crack.

Solutions for the interaction force distribution
are obtained for discfete points along the wire as shown in
Figure 7. The points are spaced at intervals h, and
assuming the distributed force along the wire at any point,
yi’ to be constant over the interval h, the interaction

force at any point y,, is P,, equal to f4h. Let v, be the

y difected dipgplacement of i discrete point, Yy because of
the presence of the crack if the wires were not present;

and let dijbe the displacement of the point y1 in the

concrete due to a unit force at the wire at the location yj.
Neglect extensions of the wire since it is orders of magnitude
stiffer. Then for compatibility to be satisfied, there

must be no relative displacement between the wire and concrete

at each of the n discrete pointss n
LT SRy
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Figure 6, Cross Section Through Wire Reinforced
Concrete at a Flaw,
:L

}_s
[

Y

>

f—0.207.

I

Figure 7. Section A-A of Figure 6 Showing Circular Crack
Surrounded by a Bundle of Wires.
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The displacement vi is calculated with the aid of a stress

function taken from Westergaard (32)
o= R, Z+ yIp+Z in which % is the complex

- z
variable Z(z) = 4700

The plain strain displacement is then given by

= Qt‘éﬂ [2(1-!-/1) Im Z - ¥y Re ZJ

The displacement at Yy due to a unit load at yj is

[m—zlg.— 111—%4— + Q++g __l+ lﬁz))
CZ&EZ&%%ngégl [2(1f/4)sin.(9l_;*92)

oy IR ¢ A

where: rp = wire radius,

0= B PG o=
(lf/x)(l-gft) d - letfci

81 G (Q + 2G)
(Q + G)

’ n
The set of simultaneous equations vy o= j{idijPJ = 0

B

is then solved for PJ with the aid of a computer given any

remote uniform stress G .
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The total Stress Intensity Factor, KT, can be computed from

the formula:

K'1"‘=Ko"Kp="'-—-'2,?1{-6-(G‘-p)

Stress Intensity Factor due to the remote stress o .

where Kc

Kp = Stress Intensity Factor due to the forces PJ.

o) ‘The distributed pressure on the area occupied by

the crack due to the forces Pj on the wireé adjgcent
to the crack. \
This KT is then compared with the Critical Stress Intensity
Factor, Kc’ to determine if the crack propagation due to
the selected O will be stable or unstable. Figure 8 1llus-
trates the results of computer'solutions.from the above model.,
Theoretical results predicted by this model have been found

to compare very favorably with experimental results.

2.42 Short Bandom Fibers as Reinforcement

The initial work done by Romﬁaldihand Batson ( 3,31)
was with continuous parallel wires but theoretical calculations
of the bond stress distribution along the wires shown in
Figure 9 indicated that the greatest bond shear stress on
the wire occured very close to the crack and that at
approximately ten times the wire spacing the bond stress
was negligible (33). This suggested the use of short steel
wire fibers of lengths at least ten times the effective wire

spacing. Romualdi and Mandel (3%) extended the mathematical
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model to include these short fibers. Wires were assuﬁed
to be uniformly distributed but of random orientafion. To
be effective in arresting crack extension, wires must be
parallel to the tensile stress field. Thus a statistical
average length of the wire in the x direction is computed.
See Figure 10 ,

A \
N L b [ cos © cos § 4 0 dd - 0.41 L.

N (T/2)2

Only 41 percent of each wire's length is effective in
crack arrest; hence only 41 percent of the steel volume is

effective.

]

Let V Total volume of reinforced concrete

N Number of wires

Then the average effective spacing of the wire centroids is:

See = A/ ¥
ce 0.41IN

A certain amoutit of overlapping will occur since L will
usually be larger than See+ The number of effective wires

at a cross section is:

ny = (3—)° () = L

Sce ce Scej

The average spacing of the wires is:

1
= = v
S = Yny Voo

Expressed in terms of wire diameter, d, and volume percentage

steel, p, S = 13.8d‘y%7

——— s 28 o
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Figure 10, Wire of Length L in Random Orientation

verage Ze/yfﬁ O;é":'//P =EJ—\

o 5 NF Fine Gawge
“\\‘ r F ’-N\S”; e
=l
4 ‘\\\ L
~ Crge & Flane
- | Y U
Crac# Border 1
Advance <
'ﬂ———A———’-
X X

Figure 11. Idealized Version of Wire Fiber Slipping in
Zone of New Crack Surface,
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The model previously used assumed that crack growth would
be contained within the boundaries of a given bundle of wires
which really amounts to stopping the initiation of a running
crack. Now consider that the crack front has passed some
wires and is attempting to pass others (35). The toughness
of wire reinforced concrete is a result of the energy
required to strip the short wires free of thelr adhesion
in advanée of thé crack front. Referring to Figure 11,
assume a distribution of wires of length L and diameter d.

As the crack front moves a distance h, new crack area 2 x 1 x h =2h
(per unit depth) is formed. After traveling h distance,

’the average amount thaﬁ the wires are stripped‘back is 472.
Stripping each of these wires constitutes irrecoverable

work corresponding to wp in the expression T = wp +&and ¥

is negligible by comparison with W_. Thus G, = Nf /2 1s

p
approximately the work assocliated with the formation of a

unit area of crack surface where:

N = number of wires intersecting new crack surface.,
f.= stripping force per wire. |
‘Let: f =u (m™d) (L/2)

N =Ll ;o(=‘{/‘h.'

s2

where u = bond strength

d = wire diameter

L = wire length.

S = Effective Spacing

X = Ratio of crack width to crack length,
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then G, = WdLX
¢ 48

Now substitute S = 13.8 4 Vl7p to account for random orien-

_ unmtLA
G, = 7604

The magnitude of the bond strength u'may be determined by

tation to get:

experiment for a given wire and cement mix, and the other
factors are dependent upon choice of wire size and percentage

steel.,’

2,43 Yielding of Wire Reinforcement

If the wires are continuous or very long there is a
possibility of the bond.strength holding so that any opening
of the crack at the wire must be associated with deformation
of the wire.

The work associated with this crack movemeht has been

shown (4 ) to be: Gc=Nf¢ a,d
(=]

where: J = stress in wire )
€ = strain in wire |
a, = area of each wire
N =.number df wires encountered per unit crack extension.

Some irrecoverable work must be associated with this
process., If the bond pulls out over some portion of the
wire'sblength, frictional work will dissipate energy although
the wire may not have yielded. If the wire does yleld, then
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of course, plastic work takes place. In either case,

Fracture Toughness 1s increased.

2.44 Creep and Relaxation Effects

_ Heretofore, no mention has been made of the fact that
the load cérrying characteristics of concrete are ver&
time dependent. If a constant tensile stress is applied to
a ferro cement member, creep will eventually cause su}ficient
elongation of the cdncrete matfix to completely unload and
place the entire load on the steel reinforcement. Similarly,
application of a fixed strain to a ferro cemenf member will

initially load the concrete'but relaxation of the concrete

will eventually shift the load to the steel reinforcement.,
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ITI. PROCEDURE

3.1 Materials Tested

Two mortar mixes were used in order to compare the
qualities of an economical cement-sand ratioc with those of
the rich cement-sand ratio used by Collins (36, 37). Both
used Type I Portland Cement and fine graded silica sand
(Ottawa €-109) with a fineness modulus of 1.72.

Lean mix: C/S ratio = 0,405,

W/C ratio = 6.46
Rich mix: C/S ratio = 0.7,
W/C ratio = 0.36
Two methods of controlling wire content were used in

order to compare the qualities of continuous wire reinforce-

ment with those of chopped wire reinforcement. The continuous

wires were threaded through a plexiglass mold in layers of
wires, wire spaced at uniform intervals of 0.08 inches, 0,10
inches and 0.12 inches in successive samples; These layers
were then sliced out of the resulting beam Qith a diamond
saw, The series of lean mix specimens inclﬁded both

single layers and double layers of wires but the rich mix
series included only double layers. Chopped wire samples
were prepéred with 2 percent by volume of steel wires
distributed with uniform spacing but random orientation in
the mortar as it was cast in the plexiglass mold. Effective
spacings were computed with the formulas S = 13.8 d Y1/p

as derived in paragraph 2,42,
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Three types of wires were tested:

33 gauge Music Wire
(Y.s. = 190,000 psi.; U.T.S. = 330,000)

33 gauge Soft Stainless Steel
(YoSo = 55.700 pSio; U.T.S. = 101,000 )

30 gauge Galvanized "Flower Wire"
(Y.S. = 42,200 psi.; U.T.S. = 49,200)

The 30 gauge galvanized flower wire was tested because it was the
only the fine gauge galvanized wire which was avallable locally
when the delivery of 33 gauge galvanized steel wire and other
wire types for previously programmed tests were delayed.

Because of this delay, singlé layer specimens and 0.12 inch
spacing specimens for thekgalvanized wire subseries and the

rich mix subseries were deleted from the program.

3.2 Sample Preparation

3.21 Casting

Parallel wire samﬁles were cast in theimold shown in
Figure 12a. Wires were threaded through holes drilled in
the end pleces at the desired spacing and attaéhed by
alligator clips to a spring with just enough tension to keep
the wires from sagging. Mold dimensions were 1 inch deep by
1 inch wide by 12 inches long. The choppéd wire samples
were cast into box molds 3 inch deep by 2% inches wide by
6 inches long. Wire was hand cut to 1 1/8 inch length

fibers with diagonal wire cutters. Mortar was mixed with a

heavy duty five quart food mixer. For those samples using
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chopped wire, the wire fibers were added after the water
had been thoroughly mixed, Care had to be exercised in order
to keep the soft stainless and galvanized fibers from entangling
and bunching up into balls instead of being uniformly mixed.
Mortar was vibrated and compacted using the vibrating
table and pneumatic compacting tool shown in Figure 12b,
3.22 Curing |
These beams were kept 24 hours in a 100% humidity moist
room, then stripped from the molds and cured under water
for seven days. The lean mix beams were then dried
for seven days before sliéing but the rich mix beams were
kept under water for the full fourteen days prior to slicing

up into specimens, in order to limit shrinkage cracking,

3.23 Slicing
A 0,030 inch thick precision diamond saw mounted on
a hydraulic ram type shapér‘with automatic dépth feed,
was used to slice up the specimens., It was;necessary fo
limit the depth of cut per pass to about 0.003 inches for
the chopped wire samples and about 0,010 for the parallel wire
samples in order to avoid héating and warping of the
precision thin saw blade,
As a result, each slab took approximately an hour to slice
out of the beam but the resulting surface required no

additional polishing prior to study under the microscope,



oo

Notches of 0.15 inch were then cut into one edge of the
samples with the precision diaﬁond saWw. A heavier duty
diamond saw was then used to cut the samples to length.

In order to provide a grip for the stra;ning device,
steel plates 1/16 in. X 3/8 in. X 1 in. were attached to

each face of the specimen ends with Hysol Epoxy Patch Cement.

3,24 Pullout Specimens

In order to determine the effiCiency of the bond
between each mortar type and each wire type, two pullout
specimens for each of the six combinations were prepared.
Standard”dogbone"” specimen molds were used to prepare plaster
of paris wire holder shields. These were cut in half, drilled
to receive the free end of the wire, and replaced in the
mold with the wires in place. Mortar of the appropriate type
was then cast into thevempty half of the mold with 1 1/8 inches
of wire extending into the mortar. Theée samples were then
given the same curing cycle as already described for the'test

specimens.

3.31 Straining Device

In order to observe the specimens at the same time
that they were being strained it was necessary to build a
sturdy frame which would be essentlally infinitely stiff in

comparison to the concrete specimen and yet would be small

enough so that it could be easily moved by the delicate
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positioning screws of the microscope specimen table.

The device finally used was modeled after a smaller frame
used to strain plastic test specimens with the modifications
of a load cell on one end and a micrometer screw on the
other. (See Figurel2c) The load cell consists of a yoke
machined to a cross section of 1/16 in. X 1/2 in. to each
side cfwhich a Baldwin-Lima-Hamilton, SR-4 Type 107, strain
gauge is bonded. The micrometer screw consists of a 1 inch
diameter cylindrical rod which is drilledAand tapped for
1/4-20 threads. ©Friction on the thrust bearing surface
was reduced by machining a shallow cylindrical recess on the
bearing end to leave an effective bearing surface of 0.25
square inches. A nut was machined on the outside edge of
the cylinder so that it was relatively easy to hand turn
this nut to exert up to 200 pounds tensile force on the}
specimen. |

The edge of the cylindrical circumfereﬁce was then
calibrated to read.in thousandths of an inch; 1 revolution =
0.036 inch. This micrometer screw could then be read from
an index mark on the frame to the nearest 0.0005 inch of

specimen elongation .

3.32 Strain Indicator

A Digital Strain Indicator Model P-350 made by the
Instruments Division of the Budd Company was used to read

strain from the load cell. A full resistance bridge was
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constructed by using two similar SR-4 compensating gauges

and a load cell calibration curve for this systemvwas prepared
by hanging known welights from the load cell so supportéd

as to be loaded in tension. Sensitivity was such that

load could then be read to the nearest pound force.

3.33 Microscopes

. \
Three microscopes were used for the various stages of

specimen study. A variable power 25 X to 100 X (6r 50 X
to 200 X) stereoscopic microscope by Zeiss was used during
the initial straining phase until the first crack appeared
because of its superior field of view and great depth of field.
A Reichart Binocular set up for reflected light from
the xenon light source was used for detalled study of the
crack and for recording significant findings with the
Polaroid camera attachment. Used with the reflected light
attachment this mlicroscope has lens comblnations yielding
magnifications from 35X to 55OX.‘ Magnifications in excess
of 330X yield too little depth of field for use with concrete,
however.
The Scanning Electron Microscope by JEOLCO (USA) Inc.,
was used to a limited extent to study the fracture surface
of specimens and post straining sections taken'from various
locations in tested specimens. It has magnifications from

30X to 30,000X but its principal advantage for thils work was

its great depth of field at all magnifications. This enabled
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the location of cracks not visible with the optical instru-
ments and the taking of pictureé of the rough and uneven

fracture faces.

3.34 Specimen Sectioning

Sections were cut from specimens after straining by
using the precision diamond saw. Three types of sectlons
were taken: fracture face sections, sections parallel to
the stress field and sections perpendicular to the stress
field (parallel to fracture face). The parallel and perpen-
dicular sections were polished with silicon carbide paper 1in
descending grit size: 140 to 600. Section surfaces were
then dyed with red food coloring and allowed to dry for
~ about 10 minutes. The face was then polished again_with #600
grit silicon carbide paper and #1 powdered alumina on a
polishing table until the surface was a light pink. Any
cracks visible with the naked eye remained a deep red.
Specimens to be studied with the scanning electron micro=-"
scope were vacuum lmpregnated or "shadowed" with gold and
mounted with aluminum foil in S.C.M. specimen holders.
Silver paint from the foil to the gold plated specimen

surface insured a good electrical circuit.

3.40 Testing Procedure

3.41 Specimen Selection

Tests of twenty-seven tensile specimens were recorded;,
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See Table 1 for detalled description of each specimen.
Accidental breakage, excess porosity in samples and lack of
time prohibited duplication of tests for each specimen type.
Thus, the best specimen of each type was used and the second

was saved as a spare.

3.42 Straining Rate and Relaxation

The tendency of the stress in concrete to relax
when subjected to a fixed strain made it very difficult to
record accurate stress-strain data. Thus elongation was
applied in 0,0005 inch increments and the strain indicator
deflection}meter was zeroed to indicate stress (load cell
strain) at that instant. Depending on the time between
increments of elongation, the present stress level and the
initiation or propagation of a crack, the relaxation of

indicated stress varied from 0 to 50 pounds force.

3.43 Recording of Crack Propagation Data

*

About 150 pictures were taken of the crack initiation/
propagation process for the 27 specimens. This is far more
than is actually usable in a presentation or discussion of

results but the redundancy of pictures served to establish

patterns and to teach the observer to look for certain behavior

if it had been noted on previous specimens. This technique
was an expensive way to record data but proved worthwhile

in the long run because the very redundancy of plctures




TABLE 1

Description of Test Specimens

Cross
Wire Section Wire
Specimen c/s Wire # Spacing Area Area Volume

Number Ratio Type Layers (inches) (sq. in.) (sg. in.) % Steel

1 0.4 SS 1 0.08 0.1095 0.,00113 1.03
2 0.4 SS 1 0.10 0.092 0,00102 1.11
3 0.4 SS 1 0.12 0,101 0.0009 - 0.89
I 0.4 MW 1 0.08 0.131 0,00113 0.86
5 0.4 MW 1 0.10 0.113 0.00102 0.9
6 0.4 MW 1 0.12 0.120 0,00090 0.75
v 0.4 s 2 0.08 0,141 0,00215 1.42
8 0.4 sS 2 0,10 0.173 0,001924 1.11
9 0.4 SS 2 0,12 0.1785 0.001695 0.95

10 0L e 2 0.08 0,187k 0,0215 1.15

11 0L MW 2 0.10 0,140 0.00192 1.37

12 O.b MW 2 0.12 0,163 0.001695 1.04

13 0.4  GALV 2 0,08 0,168 0.00215 1.28

14 0.4  GALV 2 0.10 0.193 0.00262 1.35

15. 0.7 ss 2 0.10 0,102 0,00215 2.1

16 0.7 ss 2 0.10 0.1015 0,001924 1.9

17 0.7 MW 2 0.08 0.225 0.00215 0.96

18 0.7 MW -2 0.10 0,168 0.00192 1,28

19 0.7 - 2 0.10 0,1825 0,00192 1.05

20 0.7  GALV 2 0.08 0.167 0.00293 1.75

21 0.7 GALV 2 . 0,10 0.153 0.00262 1.72

22 0.7 gg Chopped 0.11 0.237 - 2

23 oL gg Chopped 0.11 0,198 - 2

24 0.4 mw Chopped 0.11 0.218 - 2

25 0.7 MW Chopped 0.11 0.210 - 2

26 0.4 GALV Chopped 0.13 0.230 - 2.7

27 0.7 GALV Chopped 0.13 0,204 - 2.7

‘6ﬁ-



-50-

served as additional incentive to search for new things

to photograph.

3,44 Wire and Pullout Tests

The Instron Universal Testing Machine was used to
test the pullout specimens for wire bond strength and%to
determine the yield strength and ultimate tensile str?ngths
of thevthree wire types. The low range load cell was
installed and the crosshead speed set at 0.05 inches per
minute. The recorder was set at full scale deflection of
50 pounds and the paper advance speed at 1 inch per minute.
For the wire strength tests, the initial specimen length
between grips wa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>